To date, there is no evidence that internal anti-rotation configurations are better than external ones. The purpose of this study was to evaluate the effect of eccentric cyclic loading on abutment screw loosening in internal and external hexagon implants with either of these two screw materials, titanium (Ti) alloy versus gold alloy. The reverse torque value of the abutment screw was measured before (initial preload) and after loading (post-loading). The prepared assemblies were divided into four groups (A to D). Groups A and B used internal hex implants with gold alloy and Ti alloy abutment screws respectively. Groups C and D used external hex implants with gold alloy and Ti alloy abutment screws respectively. In all the groups, post-loading preload was significantly (p<0.05) higher than initial preload. Further, two-way ANOVA indicated that the implant-abutment connection did not have an effect, but the abutment screw material did. In particular, Ti abutment screws were less likely to come loose.
INTRODUCTION
Screw loosening is a well-known complication in implant restorations [1] [2] [3] [4] . The small gold retaining screws that fasten restorations to abutment screws can come loose. However, these screws are usually easy to access, and hence easily retightened or replaced 5) . In contrast, the loosening and fracture of abutment screws can be a severe complication as it is necessary to remove the overlying restoration to gain access to the screw.
As a result, cement-retained implant restorations may be damaged or destroyed in this process 5, 6) . One important mechanical factor that prevents abutment screw loosening and fracture is screw joint preload. It is defined as the tension generated in an abutment screw upon tightening and is a direct determinant of clamping force [7] [8] [9] [10] . Generally, preload is dependent primarily on the applied torque and secondarily on the material, screw head and thread design (thread), and surface roughness 9, 11) . Optimal preload for a screw is generated when the screw is elongated until it reaches but does not exceed its yield strength. Abutment screws are most often made from Ti alloys or gold alloys. Friction on screw threads can result in lower preloads generated in screws for any given insertion torque. Several studies have compared the preloads induced by different abutment screw materials 5, 12, 13) . It is found that if preload in abutment screw falls below the joint separating force, joint stability may be compromised 7, 11) . Joint separating force may exceed preload when an implant-abutment assembly is under nonaxial loading due to the position or angle of the implant, or in the presence of excessive occlusal forces such as bending overload and shearing stress [14] [15] [16] [17] .
To reduce the possibility of screw loosening, several techniques have been recommended [15] [16] [17] [18] [19] [20] [21] [22] : (1) centering the occlusal contact; (2) flattening cuspal inclination; (3) applying the correct torque when tightening the abutment screw; (4) narrowing the buccolingual width of the crown; and (5) reducing the cantilever length.
However, the majority of the above techniques were intended for external hexagon implant systems. The external anti-rotation configuration (external hex) in the form of a protruding hexagon for dental implant systems was the brainchild of Brånemark 23) . It has since become the most widely used design for dental implant systems [23] [24] [25] . Recently, internal anti-rotation designs have been incorporated into implant systems with a view to improving the original external hex configuration. The limitations of the external hex implant design, which became more evident as its application expanded to include partially edentulous arches, were addressed in internal connection designs. It was claimed 26, 27) that the internal anti-rotation configuration offers the following advantages: (1) greater tactile sense in judging the complete seating of abutments; (2) more efficient anti-rotation resistance; (3) fastening screw is protected from flexion associated with lateral forces (limiting screw loosening); and (4) less restorative vertical space is required.
However, there is no conclusive evidence that internal anti-rotation configurations are better than external ones. As part of a study to clarify the features and advantages of internal anti-rotation configurations, the present study aimed to investigate the effect of cyclic loading on abutment screw loosening in internal and external hexagon implants. To date, only a few reports are available on abutment screw joint stability in external hexagon implant systems under eccentric cyclic loading [28] [29] [30] [31] . Moreover, little or no data exist on screw loosening in internal hexagon implant systems under eccentric cyclic loading 32) . The purpose of this study was to evaluate the effects of eccentric cyclic loading on abutment screw loosening in internal and external hexagon implant systems with either of two different screw materials, namely Ti alloy and gold alloy. For this purpose, the reverse torque value (preload) of the abutment screw was measured before and after loading. Table 1 shows the internal and external hex implants used in this study, as well as their respective prefabricated abutments and abutment screws. As shown in Fig. 1 , the implant assembly specimen consisted of an internal or external hex implant mounted in an aluminum cylinder, a prefabricated abutment, and an experimental cement-retained superstructure.
MATERIALS AND METHODS

Implant assembly specimens
To attach the implant assembly specimen to the clamp for the lever-type fatigue testing machine, a low-melting-point alloy (MELOTTE METAL, GC Corp., Tokyo, Japan) was melted and poured into the aluminum cylinder (20 mm in diameter, 30 mm in length), and each implant body was rigidly held and placed at the same angle and depth using a surveyor. Allowing for bone resorption (to the second thread [i.e., 3 mm]), the bottom 10.0 mm of the implant was attached with a low-melting-point alloy. Two types of abutment screws (Ti alloy, gold alloy) were used for each internal and external hex implant, and 16 implant assembly specimens for each combination were prepared (total: 64 specimens).
Fabrication and cementation of the superstructure
To prevent the superstructure from rotating and to The implant assembly specimens consisted of internal and external hex implants mounted in an aluminum cylinder (A), a prefabricated abutment, and an experimental cement-retained superstructure (B). BIOMET 3i.
BIOMET 3i
BIOMET 3i 60% Au, 14% Cu, 11% Pt, 7% Ag, 6% Pd, 2% Zn 90% Ti, 6% Al, 4% V D: Diameter, P: Platform, H: Height *Alloy composition percentage as per information provided by manufacturers Table 1 Materials used in this study increase retentivity, three grooves were made on the abutment parallel to the long axis using a diamond rotary instrument. Next, a split mold was prepared using a silicone paste based on the master superstructure, and a wax pattern (the same shape as the master superstructure) that fitted only the designated abutment was prepared directly on the abutment. The superstructure was fabricated using a silver-gold-palladium alloy (Castwell M.C. 20% Gold, GC Corp.). The completed superstructure was conditioned using a single liquid primer (Alloy Primer, Kuraray Medical Inc., Tokyo, Japan) designed for both noble and base metal alloy, and then firmly attached to the abutment using an adhesive resin cement (Linkmax, GC Corp.) (Figs. 2 and 3).
Attaching the abutment and recording initial preload (pre-loading reverse torque)
In this study, the method of measuring preload was based on the method reported by Khraisat et al. 31) . Initial preload (i.e., load before cyclic loading) was considered to be the reverse torque value (RTV) measured immediately after tightening with the recommended torque. RTV following cyclic loading (post-loading preload) was also measured. The effect of cyclic loading was evaluated by examining the changes in RTV.
A torque gauge (6-BTG-N, Tohnichi Mfg. Co. Ltd., Tokyo, Japan) was used to ensure that a reproducible force was accurately applied to each abutment screw 33, 34) . The abutment screwdriver tip (RASH3N, BIOMET 3i Inc., Florida, USA) was mounted in the three-jaw chuck of the torque gauge. The torque gauge was firmly held, carefully oriented in the long axis of the implant with the driver seated in the screw head, and rotated clockwise until the abutment screw was tightened to 20 Ncm, as recommended by the manufacturer for clinical applications. In accordance with previous screw loosening research protocols 33, 35) , the screw was retightened to the same torque value (20 Ncm) 10 minutes later to minimize embedment relaxation between the mating threads, thus assisting to achieve the optimum preload. Five minutes later, the pre-loading reverse torque was measured using the same torque gauge and recorded.
Cyclic loading
Each implant assembly was firmly mounted in the holding vice of a custom-made lever-type fatigue testing machine (K517, Tokyo Giken Inc., Tokyo, Japan) (Fig.  4) . Load was applied to the specimen one million times (1.0×10 6 cycles), which represented 40 months of simulated function 36) . The machine was equipped with an automatic counting device to count the number of loading cycles.
Serrate-type (square wave) cyclic loading between 0 to 100 N was applied at a loading rate of 1.25 Hz, which was similar to the reported human masticatory frequency 37) . Point of loading was 4 mm to the left from the center of the implant and at 30° to the long axis of the implant 38) (Fig. 5) . Changes in the superstructure and movement of the abutment were inspected using visual and tactile checks every 50,000 cycles. Loading point was at a longitudinal distance of 10.5 mm (from the low-fusing alloy's surface, lever arm length). It had been thought that the bone resorption simulated in this study (two threads, 3.0 mm) would increase the lever length, thus contributing to bending overload of the implant, as previously reported 39) . Cyclic loading was performed in a laboratory at 23±1°C and 50±5% humidity. Fig. 2 The superstructure was fabricated using a goldsilver-palladium alloy. The completed superstructure was attached firmly to the abutment using an adhesive resin cement. 
Recording post-loading reverse torque
The prepared assemblies were divided into four groups, A, B, C, and D, with 16 specimens in each group. Specimens in Group A were internal hex implants with gold alloy abutment screws, while specimens in Group B were internal hex implants with Ti alloy abutment screws. Specimens in Group C were external hex implants with gold alloy abutment screws, while specimens in Group D were external hex implants with Ti alloy abutment screws. After 1.0×10 6 cycles, the implant assembly was again fixed in the vice, and post-loading reverse toque for the abutment screw was measured using the same torque gauge (6-BTG-N, Tohnichi Mfg. Co. Ltd.) and recorded.
Statistical analysis
Statistical analyses were performed to examine the factors associated with the changes in preload prior to and following cyclic loading. Student's t-test was performed to examine the changes in preload prior to and following cyclic loading (i.e., the difference between initial preload and post-loading preload) within each group. Student's t-test was also performed to examine the effects of different screw materials on screw loosening following cyclic loading (Group A was compared with Group B, and Group C with Group D). Two-way ANOVA was performed to examine the effects of different anti-rotation configurations (i.e., internal versus external hex connection) on screw loosening following cyclic loading.
Observing damage to the abutment screw surface
Damage to the surfaces of selected abutment screws in Groups A to D was observed using SEM (Model S-4300, Hitachi High-Technologies Corp., Tokyo, Japan). As the control, new implant bodies and abutment screws to which no load had been applied were also observed. Table 2 show the means and standard deviations of the groups with the initial and post-loading RTV, and the difference thereof for each group. In all the groups, RTV decreased from the recommended torque of 20 Ncm. In particular, the decrease in RTV tended to be greater in the gold alloy screws than in the Ti alloy screws. As for post-loading preload (RTV following 1.0×10 6 cycles of loading), it was significantly greater than the initial preload (p<0.05) in all the groups. Comparisons between Groups A and B and between Groups C and D revealed that RTV was significantly greater for the Ti alloy abutment screws than for the gold alloy abutment screws, irrespective of cyclic loading. Two-way ANOVA (factors: implant connection system and abutment screw material) suggested that the connection system (i.e., internal or external) had no effect on preload, whereas the abutment screw material significantly influenced preload. This meant that Ti alloy abutment screws were less likely to come loose (Table 3) .
RESULTS
Changes in RTV (preload)
SEM observation
New abutment screws and cyclically loaded abutment screws were observed using SEM at a high magnification (×200). In both the gold alloy and Ti alloy screws, damage that was probably due to screw tightening was observed on the flank near the crest. However, no abnormal wear or damage due to micromovement or bending caused by cyclic loading was observed on the abutment screws in all the groups (Fig.  6) . 
DISCUSSION
Currently, there is a lack of conclusive evidence with regard to abutment screw loosening and fracture in internal anti-rotation configurations as compared to external hex implants. In this study, the method reported by Khraisat et al. 31) was used to measure preload. To the best of the authors' knowledge, no studies have used the method as adopted in this study to examine changes in abutment screw preload for implants with internal anti-rotation configurations.
RTV immediately after tightening with the recommended torque was measured, and that value was used as the initial preload. RTV following 1.0×10 6 cycles of loading (post-loading preload) was also measured, and the effect of cyclic loading on preload was evaluated by examining the changes in RTV.
Initial preload RTV
When tightening an abutment screw, preload is generated within the screw. This preload then results in friction resistance being generated between the thread of the screw and the internal thread of the implant, between the top of the screw and the abutment, and between the top of the implant and the lower internal side of the abutment. Preload works to resist external stress, and on this premise it is desirable that the preload remains virtually unchanged for as long as possible 7, 22) . However, it is known that when tightening an abutment screw, the latter is damaged by friction between it and the internal thread of the implant. It was said that this friction caused creeping, which reduced the tightening torque by 2 to 10% 7) . It is therefore recommended that in clinical settings, the abutment screw be tightened once with the recommended torque and then tightened again 10 minutes later 18, 33, 35) . Weiss et al. 40) reported that after tightening external hex implants at 20 Ncm, a progressive decrease in RTV was noted. The percentage of torque loss depended on the implant system and screw material. In the present study, despite the screw being tightened to 20 Ncm using a torque wrench, the initial preload tended to be lower than 20 Ncm. In the case of internal hex implants, the initial preload was approximately 50% lower in the gold alloy abutment screws and approximately 20% lower in the Ti alloy abutment screws as compared to the applied torque of 20 Ncm. In the case of external hex implants, the initial preload was approximately 35% lower in the gold alloy abutment screws and approximately 5% lower in the Ti alloy abutment screws.
These results were the opposite of those reported by Martin et al. 12) , whereby they reported that preload in gold alloy abutment screws was significantly greater than that in Ti alloy abutment screws. This contradiction in results between the present study and that of Martin et al. 12) could probably be attributed to the different compositions of the gold alloy abutment screws used in the two studies. In the present study, the gold alloy abutment screw was 60% Au alloy (Table  1) ; however, in the study by Martin et al. 12) , 80% Pd alloy was used for the gold alloy abutment screw. Generally, differences in the material properties of gold alloy abutment screws could cause variations in preload. Therefore, the gold alloy abutment screw in the present study caused an approximately 40-50% reduction in the initial preload from the placement Table 2 Initial and post-loading reverse torque values (RTV) of Groups A-D, and the differences between initial and post-loading RTV torque (20 Ncm) .
RTV following cyclic loading
Abutment screw loosening in single-tooth external hex implants is caused by two factors: (1) vertical cantilever force on the implant due to occlusal contact; and (2) lateral biting force such as balancing contact. In this study, with a view to examining the effects of eccentric cyclic loading on abutment screw loosening in external and internal hex implants, post-loading RTV was compared with pre-loading RTV (i.e., baseline RTV). Generally, it is thought that abutment screw loosening or reduction in reverse torque value occurs after cyclic loading. However, in this study, for all implant assembly specimens, no screw loosening was observed following 1.0×10 6 cycles of loading (equivalent to a three-year period of mastication). On the contrary, post-loading preload was significantly greater than the initial preload (p<0.05) in all the groups (Table 2) . Similarly in the study conducted by Khraisat et al. 31) (whereby their experimental method was employed in this study), although the mean RTV in external hex implants decreased slightly following cyclic loading, there was no significant difference between the mean RTV prior to and following lateral cyclic loading. However, it must be highlighted that Khraisat et al. 31) used the CeraOne abutments in their experiment and that the recommended tightening torque was 32 Ncm. It must also be highlighted that differences in abutment screw type, material and the tightening torque greatly influence preload.
Against this background, it became clearly inappropriate to compare the results of Khraisat et al. 31) with the results of this study. Besides, Khraisat et al. 30, 31) mentioned that the abutment might have been twisted and tilted within the play of rotational misfit at the implant-abutment interface. The role of rigid anti-rotational hexagonal configuration (hexagon corner) in resisting and dispersing the eccentric lateral cyclic load was to reduce the micro-motion or micro-movement of abutment screws.
Therefore, the findings of this present study could be caused by the following possibilities: (1) eccentric lateral cyclic loading applied in this present study was not transmitted to the abutment screw to result in any significant damage, and hence no decrease in preload; (2) optimal tension force was created by stretching the abutment screw during eccentric lateral cyclic loading, while shear and compressive stresses were created by intimate contact between the abutment screw thread (male part) and the inside thread of implant (female part); and (3) desirable adhesive wear occurred when the thread flank surfaces were in sliding contact due to the application of eccentric lateral cyclic loading, leading to minimal and optimal plastic deformation of the abutment screw (Fig. 6) .
The clinical significance of the outcome of the present study was that an appropriate cyclic force had the potency and prospect of increasing the post-loading preload RTV. This meant that the remaining (and increased) tightening torque would be available for a long term clinically. In case of a significantly decreased post-loading preload RTV after inappropriate loading, it occurred due to unfavorable and excessive adhesive wear. The latter thus led to galling of the sliding surfaces being welded together and that large areas in the form of flakes pulled away from the abutment screw surface and the inside threads of the implant 30, 31, 41) . Future studies are indeed needed to determine the threshold cyclic loading force which would reduce the post-loading preload for abutment screws.
Effects of implant-abutment connection system and abutment screw material Two-way ANOVA was performed to examine the effects of two factors -namely, implant-abutment connection system and abutment screw material -on abutment screw preload following cyclic loading. It was found that the implant-abutment connection system did not have any effect, but the abutment screw material did. In particular, Ti alloy abutment screws were less likely to come loose (i.e., preload increased following cyclic loading).
The abutment screws tested in this study were gold alloy abutment screws (Gold-Tite) and Ti alloy abutment screws (Ti-6Al-4V). It was said that GoldTite abutment screws prevented loosening because the pure gold plating was squashed and deformed slightly when screwed, thus increasing frictional resistance. Martin et al. 12) reported that the initial preload was significantly greater in Gold-Tite abutment screws than in Ti alloy abutment screws in the case of external hex implants. This was different from the results in our study, and as such, further studies are necessary to examine this issue more closely.
Furthermore, in this study, the following hypothesis was tested: the internal hex implant is resistant to abutment screw loosening due to cyclic loading. However, the implant-abutment connection system (be it internal or external connection) did not affect abutment screw loosening. In light of the results obtained, internal hex implants did not necessarily offer any advantage over external hex implants with respect to abutment screw loosening.
SEM observation of abutment screws
The threads of the abutment screws used in this study were observed using SEM prior to and following cyclic loading. In both the gold and Ti alloy screws, surface roughening stemming from adhesive wear occurred on the upper and lower flanks, which was probably due to screw tightening. Generally, after the initial torquing of the abutment screw to clamp the abutment, the primary force generated in the screw shank is tension, whereas the main stresses in the screw threads are shear stress parallel to the thread surfaces and compressive stress normal to them 10) . The tension force is created by stretching the abutment screw during tightening, while the shear and compressive stresses are created by intimate contact between the upper flanks of abutment screw threads and the lower flanks of the inside threads of implant 41) . However, no abnormal wear or damage due to micro-movement or bending caused by cyclic loading was observed on the abutment screws in all the groups, suggesting that the screw tightening effect created by initial preload was well maintained.
Compared to the number of studies conducted for external hex implants, very few studies were conducted with respect to screw loosening in internal hex implants. The latter accounted for a lack of conclusive and convincing evidence with regard to the superiority of internal hex implants over their external hex implants. Therefore, it is thus still relevant and necessary to continue examining preloads prior to and following loading for the various types of internal hex implant systems.
In this study, the load level was set to that of normal mastication. However, as shown in a study 10) on screw loosening in external hex implants, when an occlusal force that exceeded the yield strength of the abutment screw was applied to the superstructure, bending stress directly affected the abutment-implant interface. Consequently, the abutment screw deformed slightly, causing separation at the interface and damage 10) . In light of the varied results obtained, further studies are needed to focus on the centroid of the anchor for the abutment screw and the internal hex implant of different types of abutment interface structures.
CONCLUSIONS
The following conclusions were reached following the comparison of abutment screw preloads prior to and following cyclic loading: 1. In all the groups, post-loading preload (i.e., RTV following 1.0×10 6 cycles of loading) was significantly higher than the initial preload. 2. It was found that implant-abutment connection did not have an effect, but the abutment screw material did. In particular, Ti alloy abutment screws were less likely to come loose (i.e., preload increased following cyclic loading).
